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Abstract

Screen-printed carbon electrodes (SPCEs) modified with cerium oxide (ceria) have attracted
considerable attention due to their outstanding stability and electrochemical performance,
making them promising candidates for sensor and biosensor applications. However, the
anodic electrodeposition of ceria on SPCEs involves multiple parameters that may strongly
influence film formation and electrochemical behaviour, yet these factors have not been
systematically optimized. This study aimed to determine and optimize the key parameters
affecting anodic electrodeposition of ceria on SPCEs using cyclic voltammetry (CV) and res-
ponse surface methodology. All four main parameters, namely UV irradiation time, distance
between the SPCE and UV lamp, cerium nitrate concentration and the number of CV cycles,
significantly influence the anodic electrodeposition process of ceria, shown by the statistical
analysis (p <0.05). The optimized SPCE/ceria electrode exhibited improved electrochemical
performance, with an average peak current of 44.158 uA and a relative standard deviati-
on (RSD) of 2.68 %. This optimized SPCE/ceria was subsequently tested for guanine oxide-
tion using differential pulse voltammetry with an immobilized RNA probe and produced
good repeatability with an RSD value of 2.37 %. The findings underscore the importance of
parameter optimization to enhance the reproducibility and sensitivity of SPCE/ceria
electrodes, demonstrating their strong potential for future biosensing applications.
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Introduction

Electrochemical sensors and biosensors have attracted the attention of researchers to be
developed because this analysis technique has advantages, such as having a low detection limit,
requiring a small sample volume, and being easy to miniaturize [1,2]. In electrochemical analysis,
electrodes are very important components because they play a role in electron transfer [2]. Screen-
printed carbon electrode (SPCE) is a widely used electrode developed by researchers to improve its
performance, one of which is modifying the SPCE surface with ceria. Ceria, or cerium oxide (CeO;)
is a rare-earth oxide extensively explored in catalysis, energy storage, and electrochemical sensing.
Its redox activity, high oxygen storage capacity, chemical stability, and ability to interact with
biomolecules make it a promising modifier for electrodes [3-6]. Electrodeposition of ceria on SPCE
improves electron transfer, surface area, and catalytic performance, thereby enhancing the sensi-
tivity of electrochemical systems [7-10]. To modify SPCE with ceria, the electrodeposition method
offers a simple procedure, a fast process, and produces an even distribution of ceria particles [11]. In
various studies on electrodeposition, cyclic voltammetry (CV) is a commonly used technique for
electrodepositing metals onto working electrodes [12-14]. This technique enables simultaneous
electrodeposition and redox characterization, thereby providing stepwise control over metal growth.
By appropriately tuning the experimental parameters, CV can be used to establish optimal conditions
for obtaining a uniform, stable metallic layer [15-17].

In performing SPCE modification, experimental design is needed to identify, evaluate, establish,
and understand the factors that influence the response/results of the experiment through a statistical
approach [18]. Response surface methodology (RSM) is a commonly used experimental design. RSM
has three main stages: parameter selection to identify parameters with significant effects, curvature
determination to predict the optimum conditions of an experiment from the curvature of the contour
plot, and optimization to obtain the optimum experimental response [19,20]. These stages need to be
carried out because ceria electrodeposition on the SPCE surface is certainly influenced by various
factors. However, the factors that significantly influence and the optimum conditions for SPCE
modification with ceria by electrodeposition are not yet known. The significance and optimization of
these factors are important to know so that ceria electrodeposited SPCE can produce an optimum and
consistent current response. Therefore, ceria electrodeposited SPCE can be used in sensor and bio-
sensor applications under fixed initial conditions to improve the stability of electrode measurements.

This study discusses the selection of parameters for the modification of SPCE with ceria by anodic
electrodeposition, as this stage is important for maximizing the experimental response. The
parameters tested were UV irradiation time, SPCE distance to the UV lamp, cerium nitrate solution
concentration, and the number of CV cycles. The selection of these parameters was carried out using
the RSM experimental design with the 2-level 1/2 fractional factorial design method. The optimized
SPCE/ceria was subsequently used to immobilize RNA probes via the streptavidin-biotin interaction,
and the immobilization efficiency was verified by guanine oxidation measurements using differential
pulse voltammetry (DPV).

Experimental

Chemicals and materials

The materials to be used are SPCE ProSens-C (PT. Maju Industri Indonesia, Figure S1.) with specifi-
cations of working electrode (WE) in the form of carbon with a diameter of 4 mm, counter electrode
(CE) carbon and reference Ag/AgCl electrode (RE), cerium(lll) nitrate hexahydrate (Ce(NOs3)s.6H;0)




C. Y. Kharismasari et al. J. Electrochem. Sci. Eng. 16 (2026) 3077

(Merck, Germany), potassium ferric cyanide (K3[Fe(CN)s]) (Merck, Germany), potassium chloride
(KCl) (Sigma Aldrich, Germany), phosphate buffer saline (PBS), TE buffer pH 8.0 (Nippon Gene,
Japan), streptavidin (STV), bovine serum albumin (BSA) and biotin-RNA probe.

SPCE modification with ceria and SPCE/ceria characterization

SPCE was washed with demineralized water, then irradiated with UV light (A = 268 nm) for several
minutes at a predetermined distance between the SPCE and the UV lamp. SPCE was dipped with
80 pL of cerium nitrate solution and electrodeposited using the CV technique with a potential range
of -0.1 to +1.0 V and E step of 0.02 V. Then, SPCE was rinsed with demineralized water and dried at
room temperature. SPCE/ceria was dripped with 80 puL of 0.01 M K3[Fe(CN)s] in 0.1 M KCl to be
characterized using DPV at a potential range of -0.1 to +0.6 V, an E step of 0.004 V, an E pulse of
0.025V, a t pulse of 0.05 s, and a scan rate of 0.008 V/s. SPCE/ceria was also characterized by SEM
(JEOL JSM-IT500, Japan). This procedure is also performed on SPCE that has not been exposed to UV
light beforehand.

Parameter selection

Parameter selection was performed using the R programming language through Jupyter Note-
book [21-23], using the 2-level 1/2 fractional factorial design method with the selected parameters
shown in Table 1.

Table 1. Parameters affecting the experiment

Parameter Reference
SPCE exposure time using UV light, min [24]
Distance of SPCE to UV lamp, cm [25]
Concentration of cerium nitrate solution, ppm [11]
Scan rate of CV, V s! [26]
Number of CV cycles [27]

Immobilization of RNA probe on SPCE/ceria and guanine characterization

A volume of 5 pL of 50 ppm streptavidin (STV) was added onto the SPCE/ceria surface and
incubated for 2 hours at 4 °C. The SPCE/ceria/STV was then rinsed with PBS solution (pH 7.4) and
allowed to dry. Subsequently, 5 pL of 1 uM biotin-RNA probe was added to the modified SPCE and
incubated for 1 hour at 37 °C. The SPCE/ceria/STV/biotin-RNA was rinsed with TE buffer and dried
before being added to a 0.01% BSA solution, then incubated for 15 minutes at room temperature.
After rinsing with PBS (pH 7.4) and drying, characterization was performed using DPV in PBS (pH 7.4)
as the electrolyte, within a potential range of 0.0 to +0.8 V, with a step potential of 4 mV, pulse
amplitude of 25 mV, pulse time of 0.05 s and a scan rate of 0.008 V s,

Results and discussion

Ceria electrodeposition and characterization

Prior to electrodeposition (EDP) of ceria and UV pre-treatment, the electrode surface was
activated to ensure reproducible, homogeneous ceria deposition on the SPCE. The UV pre-
treatment was applied to remove organic contaminants from the SPCE surface and introduce
oxygen-containing functional groups, thereby improving surface wettability and enhancing
interactions between the electrode surface and cerium species in solution. This pre-treatment step
also promotes more uniform nucleation during subsequent ceria electrodeposition.
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Following UV pre-treatment, ceria EDP was carried out to modify the SPCE surface with electro-
active cerium oxide, aiming to enhance electron transfer properties and increase the effective
electroactive surface area of the electrode. The EDP of ceria was performed using cyclic
voltammetry. During the forward potential sweep toward +1.0 V, the process is predominantly
anodic, involving oxidation reactions. The primary reaction is the oxidation of Ce3* to Ce**, which
occurs directly at the electrode interface, Equations (1) and (2) [13,28].

Ce3* + 2H,0 > Ce(OH)%* + 2H* + ¢ (1)
Ce(OH),2* > CeOys) + 2H* (2)

Anodic electrodeposition is known to produce more homogeneous and adherent ceria layers
compared to cathodic deposition techniques. Wang and Golden demonstrated that anodically
electrodeposited ceria forms thinner, more uniform, and strongly adherent layers, whereas
cathodically deposited ceria tends to be powdery and poorly attached to the substrate [29].
Furthermore, other studies have reported that anodic electrodeposition promotes the growth of
ceria layers with preferred crystal orientation. Under optimized deposition conditions, the resulting
ceria films exhibit a dominant (111) orientation rather than a random crystalline structure, which is
beneficial for electrochemical applications [30].

Electrochemical characterization was carried out using DPV to assess the effect of surface
modification on the electrode's electrochemical behaviour. Figure 1 compares the peak currents
obtained from bare SPCE, UV-pretreated SPCE, and ceria-modified SPCE.
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Figure 1. DPV voltammograms of bare SPCE before UV pre-treatment (blue), after UV pre-treatment (red),
and SPCE/ceria (black) with [Fe(CN)s]*”* redox system in 0.1 M KCI solution within potential range of -0.1 to
+0.6 V, potential step of 4 mV, potential pulse of 25 mV, t pulse of 0.05 s, and scan rate of 8 mV s

The SPCE/ceria electrode exhibits a significantly higher peak current than both the bare and
UV-treated SPCEs, indicating enhanced electron transfer at the electrode interface. This improve-
ment can be attributed to the presence of ceria on the electrode surface, which facilitates charge
transport and increases the effective electroactive surface area, thereby improving the overall
conductivity and electrochemical performance of the SPCE.

To further confirm the successful electrodeposition of ceria, surface morphology characterization
was performed using scanning electron microscopy (SEM). Figure 2 shows the surface morphology
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of the SPCE before and after ceria modification. The bare SPCE displays a relatively uniform carbon
surface, whereas the ceria-modified SPCE (Figures 2c and 2d) exhibits clearly visible ceria particles
distributed across the electrode surface. The deposited ceria particles have sizes in the range of
approximately 1.5 to 3 um, providing direct evidence that ceria was successfully immobilized onto
the SPCE via anodic electrodeposition.

(0 pm =x10.000

Figure 2. The results of SPCE surface characterization using SEM: a) and b) SPCE bare; c) and d) SPCE/ceria

In addition, the surface elemental composition of the electrodes was analysed using energy-
dispersive X-ray spectroscopy (EDS). As shown in Figure 3, the ceria-modified SPCE surface consists
primarily of carbon, oxygen, and cerium.
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Figure 3. Surface characterization results of SPCE/ceria using SEM-EDS

Carbon originates from the SPCE working electrode material, while oxygen is associated with ceria
as well as surface oxidation induced by the UV pre-treatment process. The presence of cerium further
confirms the successful deposition of ceria onto the SPCE surface. The corresponding weight
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percentages of each element are summarized in Table 2, which supports the SEM observations and
confirms the effectiveness of the ceria modification process.

Table 2. Surface characterization results of SPCE/ceria using SEM-EDS

Element Content, wt.%

Carbon 90.38

Oxygen 9.18

Cerium 0.43
Parameter selection

The characterization results, in the form of current peaks, are influenced by several factors during
the manufacture of SPCE/ceria, such as pre-treatment of SPCE with UV light, the concentration of
the cerium nitrate solution, the scan rate of CV, and the number of CV cycles. Therefore, we tested
these four factors in the first stage of parameter selection, using the levels shown in Table 3. The
first parameter selection was carried out using a 2-level 1/2 fractional factorial design with two
replications.

Table 3. Parameters, levels, and p-values in the first stage of parameter selection (-1 is low level and +1 is

high level)
Parameter Level p-value
-1 +1
SPCE pre-treatment Yes No 0.732
Concentration of cerium nitrate solution, ppm 100 1000 0.163
Scan rate of CV, V s 0.05 0.1 0.931
Number of CV cycles 5 15 0.723

According to Gilines et al. [31], UV light can oxidize carbon to form C-OH and C-O-C bonds on the
electrode. UV light is known to produce ozone (Os3) and simultaneously break down ozone into
oxygen ions (O’). These ions can react with other oxygen molecules (O;) to produce more Os
molecules or attack carbon to form esters, hydroxyls and carboxyls [31]. Other research also shows
that UV light can produce molecules or break them down into atomic oxygen, which can slowly etch
the carbon surface, forming oxygen-containing groups and thus roughening the surface [25,32]. The
oxygen-containing groups on the SPCE surface make the electrode more electronegative and
enhance diffusion-driven processes [25], allowing positively charged ions, such as Ce3*, to diffuse
more readily across the electrode surface. Furthermore, UV irradiation of carbon-based electrodes
can also remove some organic binders present on the electrode surface [25].

The concentration of the cerium nitrate solution also affects the current response. The higher
the solution concentration, the greater the number of ceria particles electrodeposited on the SPCE
surface. This impacts the resulting peak current response. Figure 4 shows that the peak current value
from a 1000 ppm cerium nitrate solution is higher than that from a 100 ppm cerium nitrate solution.

In this study, anodic electrodeposition was carried out using CV with parameters such as scan
rate and number of cycles. The obtained results showed that the scan rate did not have a significant
effect because ceria electrodeposition proceeds mainly through charge transfer and hydrolysis of
Ce3* ions, rather than diffusion-limited mechanisms [33]. The significance of the scan rate is shown
in Figure 4. Figure 4 shows the peak current response data for each parameter and applied level,
plotted. The further the distance from the lowest and highest points, the greater the significance of
the parameter. On the other hand, the number of CV cycles was chosen as a factor because
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according to research by Argoubi et al. [24], it affects the size of the metal nanoparticles formed
during the electrodeposition process. In their study, the number of metal nanoparticles increased
with the number of CV cycles. This was also confirmed in the present study, where 15 CV cycles
produced a higher peak current response compared to 5 CV cycles (Figure 4).
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Figure 4. Main effects plot for average peak current for first stage of parameter selection: A) SPCE pre-
treatment; B) cerium nitrate solution concentration; C) scan rate; D) number of CV cycles

At a confidence level of 95 %, the corresponding confidence intervals are expected to include the
true population parameter in approximately 95 % of repeated experiments [34]. Accordingly, a p-
value <0.05 was adopted as the criterion for statistical significance. However, all obtained p-values
were greater than 0.05 (Table 3), indicating that none of the investigated factors exerted a
statistically significant effect on the response within the tested parameter ranges. Nevertheless,
analysis of the main effects plot for peak current (Figure 4) reveals clear trends in parameter levels
that yield higher average current responses. Specifically, SPCE pre-treatment, a cerium nitrate
concentration of 1000 ppm, a scan rate of 0.05 V s™ and 15 CV cycles consistently produced higher
mean peak current values. These optimal parameter levels were identified based on the calculated
main effects summarized in Table S1 (Supplementary material), using experimental data obtained
from the first-stage parameter screening shown in Table S2 (Supplementary material).

Parameters exhibiting levels that produced higher peak currents were selected for further
evaluation in the subsequent optimization stage. To assess the influence and significance of these
parameters, their levels were systematically varied. For the scan rate parameter, levels of 0.05 and
0.1V s7'yielded comparable current responses. Therefore, a scan rate of 0.1 V s™ was selected for
the next stage, as it enables electrodeposition to be completed in approximately half the time,
thereby improving experimental efficiency without compromising performance. In this second
stage, parameter selection was carried out using the 2-level 1/2 fractional factorial design method
with three replications. The parameters and levels used in this stage, along with the resulting p-
values, are listed in Table 4.

http://dx.doi.org/10.5599/jese.3077 7
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Table 4. Parameters, levels and p-values in the second stage of parameter selection

Level
Parameter T(low) +1(high) p-value
SPCE exposure time using UV light, min 15 60 3.38x10*
Distance of SPCE to UV lamp, cm 1.7 7.2 5.64x10
Concentration of cerium nitrate solution, ppm 1000 2000 7.25x10*
Number of CV cycles 15 30 6.75x10°3

Since UV pre-treatment of the SPCE consistently yielded higher current responses, additional UV-
related parameters were introduced in the next selection stage. Specifically, UV irradiation time and
the distance between the SPCE and the UV lamp were included as factors, with irradiation times of
15 and 60 min and lamp distances of 1.7 and 7.2 cm. These parameters were considered because
both directly influence the physicochemical properties of the SPCE surface. Insufficient UV exposure
time may lead to incomplete surface activation, resulting in sluggish electron transfer kinetics and
reduced electrode sensitivity. Conversely, excessive UV irradiation can cause over-oxidation of the
carbon surface, leading to the detachment of oxygen-containing functional groups and even partial
structural degradation of the carbon matrix [24,35]. Similarly, placing the SPCE too close to the UV
lamp increases the risk of surface heating and microstructural damage due to excessive UV
intensity [36], whereas placing it too far away may result in inadequate surface activation.
Therefore, both UV irradiation time and lamp distance were systematically investigated to identify
conditions that balance effective surface activation and electrode stability.

Based on the peak current response data summarized in Figure 5, the average peak current at
2000 ppm is lower than that at 1000 ppm. This decrease can be attributed to the excessive
concentration of cerium precursors, which promotes the formation of overly dense cerium deposits
during electrodeposition. Under these conditions, cerium species tend to agglomerate, leading to
the growth of larger ceria particles on the electrode surface. As a consequence, the effective surface
area of ceria is reduced, thereby hindering electron transfer and lowering the electrochemical
response. A similar trend is observed in the number of CV cycles. As shown in Figure 5, increasing
the number of deposition cycles from 15 to 30 leads to a decrease in the DPV current response of
the [Fe(CN)s]*/*~ redox system. This behaviour is also attributed to excessive ceria growth and
particle agglomeration at higher cycle numbers, which can partially block active sites and impede
charge transfer at the electrode-electrolyte interface. These results indicate that both cerium nitrate
concentration and the number of deposition cycles must be carefully optimized to balance ceria
coverage and electroactive surface accessibility.

With p-values <0.05 (Table 4), all investigated parameters were found to have a statistically signi-
ficant effect on the response. Accordingly, none of the parameters can be considered negligible, as
variations across their respective levels lead to significant changes in the peak current. The significance
and contribution of each factor level are illustrated in the main effects plot shown in Figure 5.

The experimental data obtained from the second-stage parameter selection are summarized in
Table S3 (Supplementary material), while the calculated average peak current values for each factor
and level are presented in Table S4 (Supplementary material). For SPCE exposure time under UV
irradiation, a duration of 60 min yields a higher average peak current than 15 min, indicating more
effective surface activation at longer irradiation times. For the remaining parameters, higher
average peak currents were obtained at a SPCE-UV lamp distance of 7.2 cm, a cerium nitrate solution
concentration of 1000 ppm, and a CV cycle number of 15. These conditions were therefore identified
as the most favourable within the investigated parameter ranges.
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Figure 5. Main effects plot for average peak current for the second stage of parameter selection: A) UV irra-
diation time; B) distance of SPCE to UV lamp; C) concentration of cerium nitrate solution; D) number of CV cycles

To validate the parameter selection obtained from the RSM, a verification experiment was
carried out by systematically varying each parameter at its non-optimal (-) level while keeping the
other parameters fixed at their optimal (+) levels (Figure 6). This approach was employed to
independently evaluate the contribution of each variable to the anodic electrodeposition
performance. For example, to verify the effect of UV irradiation time, the SPCE was prepared under
15 min irradiation (-) while maintaining the distance to the UV lamp at 7.2 cm (+), the cerium nitrate
concentration at 1000 ppm (+), and the number of CV cycles at 15 (+).

50

Current, LA

0 ; . : h ; ;
0.0 02 0.4 06

Potential, V vs. Ag/AgCl

Figure 6. Variation in peak currents as a function of each investigated parameter. DPV recorded for the
[Fe(CN)s]*”* redox system in 0.1 M KCI solution within a potential range of -0.1 to +0.6 V, potential step of
4 mV, potential pulse of 25 mV, t pulse of 0.05 s and scan rate of 8 mV s
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Similar experiments were conducted for the other parameters, namely the distance between the
SPCE and the UV lamp, the concentration of cerium nitrate solution, and the number of CV cycles. The
results obtained are shown in Figure 6, where A is the UV exposure time, B is the distance of the SPCE
to the UV lamp, Cis the cerium nitrate concentration, and D is the number of CV cycles. This test was
repeated three times, and the average peak current height data are shown in Table 5. The results
consistently showed that SPCE prepared under the (+) levels (60 min irradiation time, 7.2 cm UV
distance, 1000 ppm of cerium nitrate concentration, and 15 CV cycles) exhibited superior electro-
chemical performance compared to any combination containing a single parameter at its (-) level.

Table 5. Condition of SPCE, peak current responses, average values of peak current responses and relative
standard deviation (RSD) in testing the influence of parameters. |, I, and Il represent the first, second and
third measurements, respectively

Condition of SPCE Current response, pA Average of peak current RSD, %
I Il 1] responses, WA

A(-) B(+) C(+) D(+) 14.703 21.970 13.362 16.678 22.67

A(+) B(-) C(+) D(+) 29.893 29.069 22.262 27.075 12.63

A(+) B(+) C(-) D(+) 37.262 37.406 31.325 35.331 8.02

A(+) B(+) C(+) D(-) 35.045 33.509 30.735 33.096 5.39

A(+) B(+) C(+) D(+) 45.180 44.799 42.496 44,158 2.68

The relative standard deviation (RSD, %) was calculated to evaluate the data distribution and
assess the repeatability of the measurements under different SPCE conditions. As shown in Table 5,
the SPCE configuration with all parameters set to the (+) level exhibits the lowest RSD among the
tested conditions. This result indicates that this parameter combination provides the most
consistent and reproducible electrochemical response. The low RSD observed for the (+) level
configuration demonstrates that this condition not only yields higher peak-current responses but
also improves measurement stability and reduces signal variability. Therefore, the combination of
all parameters at the (+) level is considered optimal, as it simultaneously achieves high
electrochemical performance and good data consistency, which are essential for reliable electrode
preparation and subsequent analytical applications.

To demonstrate the biosensing performance of the fabricated electrode, a guanine-containing
RNA probe was immobilized onto the SPCE/ceria surface. The incorporation of a guanine-rich probe
enables electrochemical signal generation via guanine oxidation, thereby allowing evaluation of the
electrode platform for nucleic-acid-based biosensing applications.

SPCE/ceria has been widely reported as a versatile transducer platform in electrochemical
biosensors due to its excellent biocompatibility, large effective surface area, and the redox activity
of Ce3*/Ce** species, which collectively facilitate efficient electron transfer and stable biomolecule
immobilization [6,10]. In this study, biotinylated RNA probes were immobilized onto the SPCE/ceria
surface via streptavidin-biotin interactions to assess the electrode’s capability for probe attachment
under the optimized deposition conditions.

The biotinylated RNA probes were incubated on the SPCE/ceria surface for 1 h at 37 °C to
promote effective binding. The streptavidin-biotin interaction was selected as the immobilization
strategy due to its exceptional specificity and strong binding affinity [37]. With a dissociation
constant (K4) of approximately 10™ M, this interaction ensures a highly stable and essentially
irreversible attachment of the probe to the electrode surface [38], thereby minimizing probe
desorption during subsequent washing steps or electrochemical measurements. In addition, the
streptavidin-biotin system enables well-oriented and reproducible probe immobilization, which is
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critical for achieving consistent biosensor performance [36-38]. Following probe immobilization, the
electrode surface was rinsed with TE buffer to remove unbound probes. Subsequently, the RNA-
modified SPCE was treated with 0.01 % bovine serum albumin (BSA) as a blocking agent to passivate
unoccupied regions of the electrode surface [42]. This blocking step is essential for suppressing
nonspecific adsorption and improving signal reliability during electrochemical measurements.

The guanine oxidation signal was evaluated using DPV to characterize probe immobilization on
the electrode surface. The corresponding voltammogram is presented in Figure 7. The SPCE/ceria
electrode prepared under the optimal parameter combination, which exhibited the lowest RSD,
shows a higher guanine oxidation peak current and a smaller RSD (Table 6) than electrodes prepared
under non-optimal conditions, characterized by higher RSD values. This behaviour indicates a
greater amount and more uniform immobilization of the RNA probe on the optimized SPCE/ceria
surface.

Moreover, the significantly improved reproducibility of the guanine oxidation signal at the (+)
level confirms the enhanced homogeneity and surface coverage of the ceria film formed under
optimized conditions. The consistent electrochemical response reflects reduced variability between
electrodes, which is essential for reliable biosensor fabrication. These results demonstrate that the
optimized SPCE/ceria electrode provides an excellent platform for biomolecular immobilization. Its
favorable surface characteristics, combined with good electrochemical stability, make it well-suited
not only for RNA probe attachment [6,8,43]. Consequently, the optimized SPCE/ceria platform
shows strong potential for application in a wide range of electrochemical biosensing systems.

- A B(#H C(H D A(+) B(+) C(#) D)
—— 1" measurement —— 1¥ measurement
1 —— 2 measurement —— 2" measurement
044 — 3“measurement 044 —— 3" measurement
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Figure 7. Guanine oxidation peaks obtained from SPCE/ceria under non-optimal (left) and optimal (right)
electrodeposition conditions. Guanine originates from the RNA probe immobilized on the SPCE surface,
reflecting the electrochemical oxidation behaviour of guanine under different ceria deposition conditions.
DPV recorded in PBS (pH 7.4) as the electrolyte, within a potential range of 0.0 to +0.8 V, with a step potential
of 4 mV, pulse amplitude of 25 mV, pulse time of 0.05 s and a scan rate of 8 mV s

Table 6. Condition of SPCE, guanine peak responses, average values of guanine peak responses and RSD. |,
Il, and Ill represent the first, second, and third measurements, respectively

Condition of SPCE Guanine peak response, A Average of guanine RSD, %
| Il [l peak responses, pA

A(-) B(+) C(+) D(+) 0.218 0.246 0.306 0.257 14.30

A(+) B(+) C(+) D(+) 0.384 0.366 0.386 0.378 2.37
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Conclusion

This study systematically investigated and optimized the key parameters governing the anodic
electrodeposition of ceria on SPCE using cyclic voltammetry combined with response surface
methodology. Four critical parameters, UV irradiation time, distance between the SPCE and the UV
lamp, cerium nitrate concentration and the number of CV cycles, were identified and statistically
confirmed to significantly influence the electrodeposition process (p <0.05). The stepwise parameter
selection and verification approach enabled a clear understanding of how each factor affects ceria
formation, electrochemical response, and reproducibility. The optimized anodic electrodeposition
conditions, namely 60 min UV irradiation, a UV lamp distance of 7.2 cm, a cerium nitrate concen-
tration of 1000 ppm, and 15 CV cycles, produced SPCE/ceria electrodes with superior electro-
chemical performance. These conditions yielded a high average peak current response and the
lowest RSD value (44.158 pA and 2.68 %, respectively), demonstrating excellent reproducibility and
uniformity of the deposited ceria layer. SEM and EDS characterization further confirmed the
successful formation of ceria particles on the SPCE surface. To evaluate the practical relevance of
the optimized electrode for biosensing applications, RNA probe immobilization was performed using
the streptavidin-biotin interaction, and guanine oxidation was measured as an electrochemical
readout. The optimized SPCE/ceria electrode exhibited a higher and more reproducible guanine oxi-
dation signal compared to electrodes prepared under non-optimal conditions, indicating enhanced
probe loading and improved surface uniformity. These results demonstrate that optimization of
electrodeposition parameters plays a crucial role not only in improving electrochemical
performance but also in ensuring reliable biomolecular immobilization.
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